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J. P. BOWLAND AND OTHERS 1961 studied. The basal diet used was as described by Barber et al. (1955) and contained 6-7 mg Cu/kg air-dry diet as determined by the method of Andrus (1955) . The diet was supplemented in some of the experiments with 250 mg Cu/kg air-dry diet by the addition of either cupric sulphide or sulphate. The labelled Cu was also given either as cupric sulphide or sulphate. At the lower level the total Cu added was 21-24 mg, making the total content of the diet about 40 mg Cu/kg air-dry diet, and at the higher level the total Cu added was 130-190 mg, making the total content of the diet 250-300 mg Cu/kg. The amounts given are shown in Table I . All pigs were penned and fed individually for 3 weeks before the 24 h experimental period. During the test period they were kept in individual metabolism crates. Before each experiment the pig was placed in the crate several times so that it could become accustomed to confinement, to handling and to being fed in the crate.
Measurement of radioactivity
Weighed samples of tissues and excreta were placed in flat-bottomed glass tubes (50 x 19 mm) and counted in a scintillation counter consisting of a well-type thalliumactivated sodium-iodide crystal (external dimensions 50 x 30 mm ; well dimensions 40.4 x 23.8 mm), an eleven-stage photomultiplier tube and conventional electronic equipment. It had previously been found that the counting rate observed was independent of sample size up to 5 ml and all samples counted therefore occupied a volume of 5 ml or less. Counting rates were corrected to zero time by reference to a published table (Wright, 1957) and for dead-time coincidence losses by reference to a curve previously constructed for the instrument.
The 64Cu was made in the Harwell pile by irradiation of anhydrous CuSO, or anhydrous CuS. The Cu was irradiated to saturation and had a specific activity at zero time of 0.9 mc/mg. The 64CuS0, was first dissolved in water, the activity of a measured portion was counted, and from it the total activity in the administered material was calculated. As the 64CuS was insoluble in water, a duplicate sample irradiated in the same can at the same time was used for reference. It was dissolved in warm conc. HNO, and a portion of suitable size was counted. The labelled Cu was administered about 8 h after removal from the pile.
Activities counted were in the range of 700-60 ooo counts/min with a background of about 500 counts/min. The counting efficiency was approximately 5 and all activities were calculated as counts/min at zero time.
Preparation of labelled copper sulphide
It was found that about 20 yo of the 64Cu in the 64CuS used in Expt 2 was soluble in distilled water or in o~I N -H C~. In subsequent experiments this soluble 64Cu was converted into the sulphide before use. The 30 mg of irradiated CuS were transferred from the Polythene ampoule to a tapered centrifuge tube, 5 m10.1 N -H C~ were added, and H,S was bubbled into the mixture. A black precipitate formed immediately. Treatment with H,S was continued for 10 min, the mixture was centrifuged and maintained at a temperature of 70' for 10 min and H,S was then passed into the clear supernatant layer. No further precipitate was formed. The tube was centrifuged again, and the supernatant solution was removed. The residue was stirred with 5 m10.1 N-HCI previously saturated with H,S and centrifuged, and the supernatant solution was removed. The residue was re-suspended in 5 ml o-IN-HCI, saturated with H,S, centrifuged and finally re-suspended in 5 ml boiled distilled water. All losses of "CU into the supernatant solutions were measured to permit calculation of the total dose given to each pig.
Methods of administering labelled copper
The methods of administering Cu and the form in which it was administered, together with figures for the total levels of Cu given by mouth or injected, are summarized in Table I .
The 64Cu as sulphate or sulphide was given at approximately 2 p.m. mixed with half the daily ration based on the Shinfield restricted scale (Braude & Mitchell, 1951) . A marker of ferric oxide was included in this meal. The second half of the daily ration was given at about 7 a.m. next morning, but contained no 64Cu other than the small amounts not eaten at the previous meal.
I n Expt 4 all the 64CuS04 was dissolved in distilled water (0.08 mg Cu/ml water), and I ml of the solution was injected into an ear vein. The pigs were fed immediately before this injection, and the same time schedule as in the feeding experiments was then followed. I n Expt 5 , methods of administration of Cu both orally and intravenously were as described for the other experiments, but the experiment was continued for 72 h.
Methods of taking samples
In all experiments blood samples were taken from the anterior vena cava by the method of Carle & Dewhirst (1942) at 0.5, I , 2, 3, 4, 7, 10, 16, 21 and 24 h after administration of labelled Cu. I n Expt 4 blood samples were also taken 4 min after the injection. In Expt 5 blood samples were taken at intervals up to 72 h after the administration of labelled Cu.
Urine and faeces were collected each time they were voided, and a sample of each excretion was counted separately.
The pigs were slaughtered at 24-24.5 h after the beginning of the experiment by shooting with a humane killer and were immediately bled. Samples of various tissues were taken for counting: eight from the liver at the centre and at the periphery of each of the four lobes; one each at the anterior pole of the cortex of the right kidney, at the intermediate lobe of the lung, at the left ventricular wall of the heart, at the dorsal pole of the spleen, from the cerebrum, the right psoas muscle, the back fat and skin from the mid-region of back, the left first rib, the pancreas, the bile and bladder contents. The bladder contents were included in the total urinary excretion. Before samples were taken the back fat and skin were frozen at -25' to facilitate separation. Samples of the gut wall were also taken: one from the fundic region of the stomach, three at a distance of approximately 4 m from each end and in the centre of the small intestine, one from the caecum, and two at approximately 30 cm from each end of the colon.
Samples of the gut contents were taken from the composite contents of the stomach
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Metabolism of Y u in pigs 63 and of the caecum and from sites in the small intestine and colon from which the tissue samples were taken. In Expts 2a, 3 and 4, samples were also taken from the composite contents of two approximately equal sections of the colon, as the first two experiments had shown a wide variation in the concentration of labelled Cu at these two sites of sampling. As the contents of this section of the gut represented a large proportion of the total Cu in pigs given labelled Cu, the additional refinement in sampling seemed desirable. Results with the two methods of sampling were, however, similar. The weights of blood, muscle, fat, bone, skin, brain and pancreas were calculated on the basis of McMeekan's (1940) data for 16-week-old male pigs averaging 31 kg in weight. Other organs, including stomach and caecum, parts of the small intestine and colon and the entire gut contents were weighed separately.
UltraJiltration of gut contents Samples of gut contents were centrifuged to give supernatant fractions which were removed and filtered under vacuum through Visking Cellophane tubing. The activity of measured portions of the ultrafiltrates obtained in this way was counted to give an indication of the levels of soluble Cu in the gut contents.
Fractionation of whole blood
To study the distribution of labelled Cu, whole blood, to which both heparin and oxalate had been added, was centrifuged, and the plasma was removed. The cells were washed once with 5 ml of 0.9 % saline solution, and washings and cells were counted separately. In the complete fractionation of the plasma, in Expts 2a and 5 , I mg Cu as cupric acetate in 0.1 ml solution was added to I ml plasma, and the protein was precipitated by addition of 4 ml absolute ethanol. The supernatant layer and the protein obtained by centrifuging were counted. These steps were repeated without added Cu;
as similar results were obtained, no additional Cu was used in Expt 5 , in which albumin and globulin fractions of the blood protein were separated. The methods of Pillemer & Hutchinson (1945) , who used methanol to precipitate the globulin, and of Bush, Mahoney, Markowitz, Gubler, Cartwright & Wintrobe (1955) , who used ammonium sulphate for that purpose, were applied. The method of Pillemer & Hutchinson (1945) was slightly modified in that the plasma was centrifuged at 2 0 ' and not at 0 ' . The globulin precipitate and albumin-containing supernatant liquid were assayed for 64Cu activity. Electrophoresis of a selection of the globulin and albumin samples obtained by either the ammonium-sulphate or the methanol method of fractionation indicated that the separation of these two components was not sharp, a small fraction of one sometimes contaminating the other. The two methods of fractionation also tended to give different results, particularly for blood taken 48 h after dosing. A portion of the plasma was subjected to ultrafiltration through a Cellophane membrane to give an indication of the level of unbound Cu in the plasma. The activities of the samples of blood plasma taken I h after the pigs had received copper sulphide were too low for them to be measured in the protein fractions. The activity decayed to such an extent The tissue distribution of the labelled Cu in the pigs slaughtered 24 h after dosing in Expts 1-4 is given in Table 2 . The figures for the dose given represent the total Cu in the 2 p.m. meal of the pigs given 64Cu by mouth, but they represent only the injected Cu in Expt 4. As there are no published data on Cu distribution in the pig, results are given for individual pigs to allow more detailed consideration of the Cu levels.
Absorption and excretion
In Expts I and 2 pigs nos. 1063 and 1065 received by mouth labelled Cu in the form of cupric sulphate and pigs nos. 1061 and 1064 received the impure cupric sulphide of which a considerable proportion of the Cu was soluble (see p. 60). Presumably because of this soluble Cu the results for the two pairs were closely similar. As shown in Table 2 , pigs nos. 1063 and 1061, which received the labelled Cu at the lower level (24 mg), absorbed 8.7 and 9'7% of it; pigs nos. 1065 and 1064, which received the labelled Cu at the higher level (about 185 mg), absorbed only 2-9 and 4 6 % of it, which represented, however, a total weight about three times as great as that absorbed by pigs nos. 1063 and 1061. Pig no. 1127 in Expt 3, whose diet had contained supplementary cupric sulphate for 3 weeks before the experiment, absorbed 3.8 % of a dose of labelled Cu given at the high level (168 mg) in the form of sulphate. The degree of absorption was similar to that by pigs nos. 1065 and 1064, whose previous diet had contained no supplementary Cu.
In Expts 2a and 3, pigs nos. 1201, I 197 and I 126 received their labelled Cu as cupric sulphide free from soluble Cu. Pig no. 1201 which received it at the lower level (20 mg) absorbed 1.9% of it, and pig no. 1197, which received it at the higher level ( I 25 mg), absorbed 2-1 %. Pig no. I I 26, whose diet had previously contained supplementary cupric sulphide, absorbed only 1 . 1 yo of a dose of labelled Cu given at the higher level (145 mg as CuS). These figures represent absorption rates of 20-70 % of those shown by pigs given the labelled Cu as sulphate.
The percentage distribution of the labelled Cu in the digestive tract, which may have been Cu in process of absorption, excretion, re-absorption or tissue storage, is shown in Table 3 . The major sites of Cu transfer across the gut wall appeared to be the small intestine and the colon; in the former, the highest concentration occurred in the end section. In pigs given labelled cupric sulphate by mouth, more was found in the small intestine than in the colon, whereas in pigs given labelled cupric sulphide by mouth, the reverse was true. The stomach and caecum walls contained a mean of 5-7 and 9.6% of the total Cu found in the gut tissues of the eight pigs given Cu by mouth.
The appearance of labelled Cu in the faeces occurred less than 2 h after dosing. This Cu was probably from excretion into the lower gut; when the labelled Cu was injected (Expt 4) it appeared in the faeces 30-100 min after the dosing. Large amounts of labelled Cu appeared in the faeces 17-20 h after labelled cupric sulphate had been given by mouth and at approximately the same time as the ferric-oxide marker given in the feed. In the pigs given labelled Cu as sulphide, large quantities appeared in the faeces 6 h 42 min, 7 h 18 min and 8 h 24 min after the dosing, whereas the ferric-oxide Labelled Cu usually appeared in the first sample of urine excreted after dosing, the earliest appearance being after 10 min.
Ultrafiltration of samples of gut contents from pigs receiving Cu orally either as sulphate or sulphide indicated the presence of some free Cu2+, but the concentration in the gut contents of pigs given cupric sulphate was approximately six times as high as for those receiving cupric sulphide. 1 Contained some soluble copper (see Table I ).
In Expt 4 (pigs nos. I 141 and I 143, which the bile duct was blocked, concluded that, although excretion of Cu could be mainly through the intestinal walls and the kidney, the bile could also represent a major route of excretion.
Blood levels
The amounts of labelled Cu circulating in the blood 24 h after administration are shown in Table 2 . It is seen that the values for pigs that had been receiving supplementary Cu for 3 weeks before the experiments tended to be lower, indicating that dilution had probably occurred. The curves in Figs. I, 2 and 3 represent the levels of labelled Cu in the total circulating blood up to the time of slaughter 24 h after dosing.
It will be seen that the levels in all pigs given the dose orally continued to rise for 16-24 h. The blood levels of labelled Cu in the pigs given Cu as sulphate at the lower level were approximately five times as high as in pigs given the same dose of Cu as sulphide. In the pigs given Cu as sulphate at the higher level, the blood levels of Table 4 .
Distribution of labelled copper in fractionated whole blood
Copper contained in blood fractions (mwglml whole blood) 
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Metabolism of 64Cu in pigs 69 labelled Cu were only twice as high as in those given the same dose of Cu as sulphide (see also Table 2 ).
In the two pigs injected with labelled Cu, 65-68% of the dose was found in the blood after 4 min. This is a higher percentage than that observed by Comar et al. (1948) in the bovine animal, in which only 36% of the dose was present in the blood after remained nearly constant for a further 20 h. Most of the injected Cu was presumably removed by the liver, as the livers of the two pigs in Expt 4 still contained 44 and 5 I yo of the dose 24 h after administration. Only 22 and 3 I % of the Cu was excreted into the gut or the urine during the 24 h period. As excretion was continuous into the urine and presumably into the digestive tract, the liver stores of Cu apparently maintained the blood Cu at a relatively constant level from 4 to 24 h or even to 72 h after the dose, as shown in Fig. 4 .
In Expt 5 the maximum concentration of labelled Cu in the blood of pig no. 1296, which had received it at the higher dose (174 mg) in the form of cupric sulphate, was not as high as it had been in the blood of pigs similarly treated in previous experiments.
It is possible that this was the result of ordinary biological variation.
As shown in Table 4 , most of the labelled Cu in the blood was in the plasma proteins, only a small amount being carried in the cells. The fraction present in the free state was also small, except in the period immediately after dosing. The albumin fraction of the blood bound 35-50% of the total labelled Cu circulating during the period up to 48 h after the dose.
One h after administration of Cu the albumin fraction contained about three times as much labelled Cu as the globulin fraction, but after 18, 30 and 48 h the albumin fraction contained only 0.7-1.6 times as much labelled Cu as the globulin fraction. This change in relative levels of labelled Cu in the two fractions resulted largely from an increase in the percentage of labelled Cu associated with the globulin fraction, for the percentage of labelled Cu associated with the albumin remained relatively constant. It is possible that a Cu-containing globulin, probably ceruloplasmin, as suggested by Bush, Mahoney, Gubler, Cartwright & Wintrobe (1956) , is formed by the liver or by some other organ and that this protein causes the increase in the glabulin-bound Cu.
In previous studies there has been little agreement on the combination of Cu with the serum proteins. Moustgaard & H~jgaard Olsen (195 I) found that 3 h after administration of 64Cu to pigs approximately 10% of the radioactivity was in the globulin fraction and 90 % in the albumin fraction. Bush et al. (1956) reported that in man the Cu in transport was associated with albumin, the remainder being firmly bound to a,-globulin. The fraction associated with albumin could pass readily and rapidly into the red blood cells. Table 2 The concentrations of labelled Cu, from which the total amounts in the tissues were calculated, were highest in liver and kidney but relatively low in all other organs. The total liver content was lower in the pigs given cupric sulphide than in those given cupric sulphate. This is in general agreement with the results of feeding experiments reported by Barber et al. (1960) , when it was observed that the addition of cupric sulphate to the diet at a concentration of 250 mg Cu/kg (giving a dose to the pig of 2 5 0 -750 mg Cu/day according to age) increased the levels of Cu in the liver, whereas the same dose of Cu as sulphide did not.
Tissue distribution As shown in
The muscle accounted for more Cu than the fat, skeleton or skin, each of which had a similar concentration of labelled Cu. The tissues of the digestive tract contained 20-40% of the total labelled Cu present in the tissues and urine ( Table 2) . Table 5 gives the values, expressed as a percentage of the mean value for the whole liver, for labelled Cu in eight areas representing two sections of the four lobes of the pig's liver. The levels of labelled Cu differed greatly, not only between lobes, but also between the peripheral and central portions of each lobe, which agrees with the results of chemical analyses previously carried out at this Institute (unpublished) and with considerable uniformity in distribution from liver to liver. The growth response obtained by the addition of Cu to the diets of pigs, which has been firmly established by many experiments and has now been shown to be greater with Cu given as the sulphate than as the sulphide, could be due either to a systemic effect resulting from the absorbed Cu, to the effect of soluble Cu acting within the digestive tract or to both. The results of these experiments do not indicate in which of these ways the action takes place. 
Cu distribution in liver lobes

